Prey selection by carnivores can be affected by top-down and bottom-up factors. For 35 example, large carnivores may facilitate food resources for mesocarnivores by providing 36 carcasses to scavenge, however mesocarnivores may hunt large prey themselves, and their 37 diets might be affected by prey size and behaviour. We reviewed jackal diet studies and 38 determined how the presence of large carnivores and various bottom-up factors affected 39 jackal prey selection. We found 20 studies of black-backed jackals (Canis mesomelas) from 40 43 different times or places, and 13 studies of Eurasian golden jackals (Canis aureus) from 41 23 different times or places reporting on 3900 and 2440 dietary records (i.e. scats or stomach 42 contents), respectively. Black-backed jackals significantly preferred small (< 30 kg) ungulate 43 3 species that hide their young (duiker Sylvicapra grimmia, bushbuck Tragelaphus scriptus and 44 springbok Antidorcas marsupialis), and avoided large (> 120 kg) hider species and follower 45 species of any body size. They had a preferred and accessible prey weight range of 14-26 kg, 46 and a predator to ideal prey mass ratio of 1:3.1. Eurasian golden jackal significantly prefer to 47 prey on brown hare (Lepus europaeus; 4 kg), yielding a predator to preferred prey mass ratio 48 of 1:0.6, and a preferred and accessible prey weight range of 0 -4 kg and 0 -15 kg, 49 respectively. Prey preferences of jackals differed significantly in the presence of apex 50 predators, but it was not entirely due to carrion availability of larger prey species. Our results 51 show that jackal diets are affected by both top-down and bottom-up factors, because apex 52 predators as well as prey size and birthing behaviour affected prey preferences of jackals. A 53 better understanding of the factors affecting jackal prey preferences, as presented here, could 54 lead to greater acceptance of mesocarnivores and reduced human-wildlife conflict. 55 56 Introduction 57
and Lanszki, 2012; McShane and Grettenberger, 1984; Van de Ven et al., 2013) due to; i) 167 insufficient or no information on prey actual or relative abundance/densities or ii) inability to 168 locate these data from other sources. Continuous observation is generally considered the 169 superior method of determining the diet of predators (Mills, 1992) . This type of data is 170 particularly challenging to obtain for smaller predators, such as jackals, which are inherently 171 evasive. Therefore, the studies featured herein relied on scat (n = 64) and stomach content 172 analyses (n = 2; Supplementary Materials). In some cases, this could bias against larger prey 173 species (Mills, 1992) , but as studies on both species and sites with/without apex predators 174 were dominated by scat analyses, we do not think this will affect our comparative results. 175 Furthermore, the two stomach content studies were included because they may counter the 176 biases associated with scat analysis (Mills, 1992) . 177 There are many indices that researchers have used to define selectivity, however, none 178 is without bias or increasing error with small sample sizes (Chesson, 1978) . We used the preference estimates using regression models of Jacobs' index against sample size for all 192 species with >4 studies where predation for a species was recorded. 193 Jackals are generally thought to eat small to medium-sized prey (Gittleman, 1985; 194 Nowak, 1999) and particularly newborn ungulates (Klare et al., 2010) , so we used ¾ of mean 195 adult female body mass to account for juveniles and sub-adults killed following previous 196 studies ( Jooste et al., 2013 ; Table 1 ). Social organisation of prey species, their habitat use 197 and their threat to predators can also affect a predator's ability to capture the prey and prey's 198 ability to detect predators (Hayward and Kerley, 2005) . We used a categorical variable of 199 social organisation with 1 relating to solitary individuals, 2 relating to pairs, 3 to small family 200 groups, 4 to small herds (10-50) and 5 to large herds (>50; Table 1 ). A categorical habitat 201 variable was also used with 1 referring to open grasslands, 2 to savannah or open woodland 202 and 3 to densely vegetated areas. Some species may occur in multiple habitats, in which case 203 an average was used (Table 1) . We estimated the likely threat of each prey species based on 204 their possession of weaponry, aggressive nature and body size (where 0 = no likelihood of framework (Akaike, 1973 (Akaike, , 1974 . We used the sum of Akaike's weights (wi) to determine the 217 relative strength of each covariate with strongly supported models having ΔAIC of < 2 218 (Burnham and Anderson, 1998) . We also presented model averaged parameter estimates 219 using the full suite of models. Strongly supported relationships among individual variables 220 were plotted using linear or loess best fit models.
221
At some sites, jackals occur sympatrically with larger carnivores, which may affect 222 their diet via competition, intraguild predation risk or facilitation through jackals scavenging 223 the carcasses of larger carnivore kills. It is difficult to distinguish kills from scavenging and, 224 as were relied on studies using scat and stomach contents, whether they were scavenged or 225 killed is unknown. To overcome this constraint, independent t-tests or Mann-Whitney U-tests 226 were carried out on the Jacobs' index values of each prey species that occurred in sites with 227 and without apex predators to determine whether apex carnivore presence had a significant 228 affect. The presence of one or more of lion Panthera leo, leopard P. pardus, cheetah, African 229 wild dog Lycaon pictus, spotted hyaena Crocuta crocuta and/or gray wolf Canis lupus was 230 considered as the occurrence of an apex predator, notwithstanding the fact that sometimes 231 jackals dominate interactions with some members of this guild. We used our knowledge of 232 the study sites or the dietary publications themselves to define the presence or absence of 233 apex predators at a site. We calculated the Shannon-Weiner diversity index (H) to compare 234 the prey available at sites with and without apex predators for each jackal species. We also 235 conducted an ANOVA to test whether Jacobs' index values for each species were affected by 236 birthing strategy and the presence/absence of apex predators.
237
We identified the accessible prey weight range following the break point analysis 238 using segmented models following Clements et al. (2014) . The accessible prey weight range 239 range refers to the size of prey potentially killed by a predator and is most likely to 240 encompass the preferred weight range of earlier prey preference studies (Clements et al., 2014) , which we estimated from loess smoothed plots of mean species Jacobs' index scores 242 against body mass (Hayward et al., 2014) . We calculated the ideal prey mass as the mean 243 body mass of those species that were significantly preferred. We estimated the body mass of 244 jackals as 7 kg, which was the lower range of adult female body mass (Nowak, 1999) and 245 used this to determine the predator to prey mass ratio by dividing the ideal prey mass of prey 246 by 7.
247
All analyses were conducted in R (Barton, 2013; R Core Development Team, 2008) . 
Results

251
We found 20 studies of black-backed jackals from 43 different times or places over a 252 total period of 56 years, and 13 studies of golden jackals from 23 different times or places 253 over 47 years (Supplementary Materials). These reported on 3900 black-backed jackal scats 254 and 2440 golden jackal scats or stomach contents (Supplementary Materials). There was 255 spatial bias in the location of the studies we could use, with no records of black-backed jackal 256 diet studies from the East African sub-population, and no records of golden jackal diets from 257 west Asia and the Middle East ( Fig. 1 ). We were unable to find any dietary studies of side-258 striped or African golden jackals that included prey abundance data.
259
Out of 23 prey species with >4 records, there was no effect of sample size on the prey 260 preference estimates of black-backed jackals for 20 ( Supplementary Material Fig. 1 ).
261
Bushbuck (r 2 = 0.16, n = 27, p = 0.001) and steenbok (r 2 = 0.11, n = 19, p = 0.0497) 262 exhibited negative relationships largely driven by no records of their predation at higher 263 sample sizes, while common duiker prey preference increased with larger sample size (r 2 = 264 0.09, n = 20, p = 0.046). There was no effect of sample size on golden jackal prey preference estimates ( Supplementary Material Fig. 2 ). The infrequency of these relationships, the low 266 predictive power of these relationships, and the counterintuitive bias towards no records of 267 predation events at larger sample size give us confidence that our results are not unduly 268 biased by small sample size.
269
The most abundant prey at black-backed jackal study sites were rodents (relative 270 abundance within the prey community = 0.91 ± 0.06 or 91% of the available prey 271 community), impala (0.29 ± 0.06) and hares (0.24 ± 0.24); while small mammals (0.74 ± 272 0.10), chital (0.33 ± 0.09) and cattle (0.18 ±0.06) had the highest relative abundance at 273 golden jackal study sites (Table 1) . Black-backed jackals most frequently consumed birds 274 (45.4 ± 11.8% of diet), sheep (42.7 ± 4.5%) and impala (26.3 ± 0.6%) where they were killed, 275 while golden jackals primarily consumed small mammals (76.1 ± 6.7%), chital (33.4 ± 8.7%) 276 and rodents (19.9 ± 13.3%; Table 1 ). Black-backed jackals consumed springhare, hares, 277 birds, rodents, sheep, marine mammals and oribi; and golden jackals consumed sambar, roe 278 and red deer, hares, nilgai, chital and rodents wherever they were sympatric (Table 1) . The 279 most frequently consumed items for black-backed jackals were kudu (consumed at 22 sites), 280 bushbuck (18) and warthog (16), while golden jackals mainly consumed small mammals 281 (11), wild boar (11) and pheasant (10; Table 1 ).
283
Jackal prey preferences 284 Black-backed jackals significantly prefer to consume birds, common duiker, 285 bushbuck and springbok, and significantly avoid hares, blesbok, kudu, springhares, warthog, 286 buffalo, small mammals, aardwolf, red hartebeest, eland, plains zebra, and wildebeest, and 287 central tendency theory suggests that with a larger sample size they will significantly avoid 288 giraffe, common reedbuck, ostrich, elephant, cattle, tsessebe, goats, sable, nyala, klipspringer and baboon (Table 1; Fig. 2 ). The mean mass of significantly preferred prey for black-backed 290 jackal is 21.7 ± 3.5 kg (3/4 adult female body mass), yielding a predator to preferred prey 291 mass ratio of 1:3.1.
292
European golden jackal significantly prefer to consume brown hare and significantly 293 avoid cervids in general, and red deer specifically, langur monkeys, pheasant and small 294 mammals ( Table 1 ; Fig. 2 ). When small mammals and rodents are combined, they are 295 consumed according to their availability (D = -0.19 ± 0.12; t15 = 1.52, p = 0.149). The mean 296 mass of golden jackal preferred prey (3/4 adult female brown hare body mass) is 4 kg, 297 yielding a predator to preferred prey mass ratio of 1:0.6. There is no evidence for a preference 298 for any livestock type by either jackal species (Table 1) .
299
Black-backed jackals lived at sites with significantly more prey species present than 300 did golden jackals (9.7 ± 0.8 cf 5.3 ± 0.3; t22 = 8.31, p < 0.001), but were more specific in 301 preferentially consuming a significantly lower proportion of those available prey species (24 302 ± 4% cf 35 ± 4%; t22 = 3.01. p = 0.013). There was no difference in the number of species 303 consumed or the number preferred between the jackal species (black-backed jackal species scavenging opportunities and that would be the mechanism). This provisioning service seems 388 driven by the individual characteristics of each prey species and probably their vulnerability 389 to each predator, such that scavenging may occur, but also individual species become 390 increasingly targeted by jackals when they are no longer exploited by apex predators (as 391 shown in Petrunenko et al., 2015) . This may relate to a reduction in competition for carcasses 392 arising from naturally occurring mortalities, increased hunting effort undertaken by jackals as (which is rare), but rather through the increased vigilance they afford (Fitzgibbon, 1993) . 405 Alternatively, the presence of apex predators might induce behavioural changes to 406 mesopredators that causes them to hunt different species (Moehrenschlager et al., 2007) .
407
Although small mammals comprise the majority of jackal diet, their high relative 408 abundance and low body mass means they are not preferentially preyed upon (Table 1) . This 409 is not an artefact of small sample size as over 20 studies reported on small mammals in the 410 diet of jackals and included information on their relative abundance (Table 1) . A key property 411 of optimal foraging theory is that prey abundance does not solely control predator consumption of that species, so a predator will not specialize on a less preferred prey 413 regardless of its availability (Pyke et al., 1977) . Jackals appear to have evolved to optimally 414 prey upon lagomorphs and small ungulatesindeed it is most likely that it is the young of 415 these ungulates that are consumed rather than adults. Given this, the preferred prey weight 416 range is probably inflated, particularly for black-backed jackals.
417
Although jackals are regularly persecuted for actual or perceived livestock 418 depredation (Gusset et al., 2009; McShane and Grettenberger, 1984; Rowe-Rowe, 1976) , we 419 found no evidence that they preferentially preyed upon livestock. All livestock were killed as 420 frequently as expected based on their relative abundance in the prey community (Table 1) , 421 suggesting that jackal-pastoralist conflict reduction strategies would be most effective if they 422 concentrated on management strategies for increasing wild prey abundance, protecting 423 livestock rather than persecuting jackals and/or adequately disposing of carcasses. Human 424 persecution could influence the prey preferences of predators by means of increasing the risk-425 taking behaviour during predation when animals move into novel environments following a 426 perturbation (Tuyttens et al., 2000) or by the need to satisfy increased energetic requirements 427 associated with compensatory life history responses (Minnie et al., 2016) .
428
The differences in the degree of study among the different jackal species are 429 surprising. While black-backed and Eurasian golden jackals are relatively well studied, we 430 found limited data on side-striped and, less surprisingly, on the newly described African 431 golden jackal. That is not to say dietary studies on these species do not exist, because they do 432 (Atkinson et al., 2002) , but rather there were insufficient studies that linked diet to prey 433 abundance to allow the analysis of prey preference. More research is needed on these species 434 and scientists and funding agencies need to recognise that replicated studies are fundamental 435 to our ability to draw broad inferences about the natural world.
The resilience of jackal prey preference estimates to the inclusion of small sample 437 sizes is reassuring. We previously tested for differences between prey preference estimates 438 for leopards, and found no effect (Hayward et al., 2006a) , and this robustness is reinforced by 439 32 of 35 showing no effect of sample size (Supplementary materials Fig. 1 & 2) . Two of the 440 three species that did show an effect of sample size showed that larger sample size was more 441 avoided, which was driven by no records of kills of those species, which seems less likely 442 with larger sample sizes. All species where preference estimates were effected by sample size 443 had sample sizes larger than 38. This has implications for single site and seasonal dietary 444 studies more generally in that even relatively large sample sizes can be biased, however our 445 use of several sites to estimate mean prey preference minimises the impact of a few studies 446 with small sample sizes.
447
The determination of prey preferences of jackals identifies the key prey resources they Tables   Table 1. Preference status (P/A; wheredenotes significantly avoided, + significantly preferred, and ~ killed in accordance with relative abundance), mean Jacobs's index value of each jackal prey species, number of studies recording it as potential prey (npresent) and actual prey (nkill), preference test statistics via either t-tests or sign tests, mean proportional abundance and kills of each prey species, body mass (threequarters of adult female), and categories of herd size, main habitat, potential threat to black-backed and Eurasian golden jackals, and ungulate birthing behaviour (Hhider; Ffollower; O -other) of black-backed jackal prey. Scientific names are based on the IUCN Red List. Species names with (no kills) refers to data where studies with no kills of this species were reported. An asterisk (*) refers to species likely to be significantly avoided with a larger sample size. Fig. 1 . Distribution map of the jackals with the locations of study sites that provided data on jackal diet and prey availability that were used in this study. Note that the distribution maps come from the IUCN Red List that have not yet been updated to reflect the two species of golden jackal (Jhala and Moehlman, 2008), however the African distribution of golden jackal reflects that of Canis anthus while the Eurasian distribution reflects that of C. aureus. index) at sites with and without apex predators present. A two-way ANOVA revealed there was a significant difference in Jacobs' index values between birth strategies (F1, 30 = 10.110, p = 0.003), but not in the effect of apex predators (F1, 30 = 0.056, p = 0.815) or the interaction term (F1, 30 = 0.129, p = 722). 
Species
Scientific name P/A Jacobs' index
